. For the system in Escherichia coli, diphosphothiamine, coenzyme A, and possibly manganese are required (Chantrenne and Lipmann, 1950; Strecker, 1951; Novelli, Gest, and Krampitz, 1954) . The various formatepyruvate exchange systems are stimulated by heated extracts of bacteria. For S. faecalis extracts, Oster and Wood (1964) showed that the exchange system is very active without additional factors when the proper oxidation-reduction (O-R) conditions are present but, as will be presented below, a factor(s) from yeast extract is required for intact cells.
.-A factor present in plant and animal sources was found necessary for the incorporation of formate-C14 into pyruvate by Streptococcus faecalis 101C. Yeast extract produced a response linear in the range between 10 and 30 mg/ml of reaction mixture. Soy peptone, beef peptone, and Brain Heart Infusion replaced yeast extract, but various intermediates, cofactors, amino acids, purines, pyrimidines, and peptides did not stimulate the reaction. A lag occurred in the rate of formate incorporation that was not influenced by anaerobic conditions or growth of cells in a medium containing pyruvate and formate. Phosphate or maleate buffer permitted rapid exchange velocities but tris(hydroxymethyl)aminomethane or collidine buffer was inhibitory. Heating yeast extract at 121 C for 15 min in 3 N H2SO4 produced 66% inactivation of the factor (s), whereas treatment with 3 N KOH produced 97% inactivation. The factor(s) was insoluble in butanol, benzene, ethyl acetate, or chloroform. The material adsorbed on Dowex-1 (OH-) and Amberlite IR-120 (H+) but not on Amberlite IR-4B (OH-). The active component(s) was highly polar, nonvolatile, dialyzable, and had amphoteric properties.
In preliminary reports, Wood (1955) and Wood and O'Kane (1960) observed that Streptococcus faecalis strain 10C0 exchanges formate-C'4 with the carboxyl group of pyruvate only when the reaction mixture is supplemented with crude extract from plant or animal sources. For Mirococcus lactilyticus, McCormick, Ordal, and Whiteley (1959) reported the enhancement of the formate-pyruvate exchange reaction by addition I Present address: Department of Bacteriology, University of Rhode Island, Kingston.
of heated extracts of M. lactilyticus to dialyzed extracts of the same organism. A review of the work on the formate-pyruvate exchange reaction was recently given by McCormick, Ordal, and Whiteley (1962) . For the system in Escherichia coli, diphosphothiamine, coenzyme A, and possibly manganese are required (Chantrenne and Lipmann, 1950; Strecker, 1951; Novelli, Gest, and Krampitz, 1954) . The various formatepyruvate exchange systems are stimulated by heated extracts of bacteria. For S. faecalis extracts, Oster and Wood (1964) showed that the exchange system is very active without additional factors when the proper oxidation-reduction (O-R) conditions are present but, as will be presented below, a factor(s) from yeast extract is required for intact cells.
MATERIALS AND METHODS
Organism and culture procedures. S. faecalis 10C0 was grown at 37 C for 8 hr from an 18-to 24-hr inoculum. The medium described by O'Kane and Gunsalus (1948) f Prepared by the method suggested by Umbreit, Burris, and Stauffer (1957) .
was terminated by the addition of 0.2 ml of 5 N H2SO4 . Pyruvate, as the 2 ,4-dinitrophenylhydrazone, was recovered on filter-paper discs and counted in a gas-flow counter (D-47; NuclearChicago Corp., Des Plaines, Ill.). Corrections for self-absorption and coincidence were applied. Chromatography. Dinitrophenylhydrazones were spotted on Whatman no. 1 paper and developed in a tert-amyl alcohol-ethanol-water (50:10:40) solvent (Block, Durrum, and Zweig, 1955) .
RESULTS
Factor requirement. Suspensions of S. faecalis, grown in the medium defined by O'Kane and Gunsalus (1948) for the production of lipoatedeficient cells, exchanged C14 of formate with the carboxyl carbon of pyruvate only when the reaction mixture was supplemented with crude extract from plant or animal sources. When yeast extract was added to the reaction mixture, a 93-fold stimulation of formate incorporation was observed (Table 1) , and a 485-fold stimulation occurred when yeast extract was added to both the growth medium and the reaction mixture. With cells grown in a complex medium (A C Broth, Difco), yeast extract was not as effective as with cells from the defined medium supplemented with yeast extract.
The incorporation of C'4 of formate into pyruvate was verified by: (i) comparing the specific activity of carbon dioxide (73.5 counts per min per,mole) from pyruvate decarboxylation with ceric sulfate (Anker, 1957) with that of isolated pyruvate-2,4-dinitrophenylhydrazone (93.8 counts per min per ,umole); (ii) comparing the RF value (obtained by paper chromatoggraphy) of the isolated radioactive 2,4-dinitrophenylhydrazone with that of authentic pyruvate-2,4-dinitrophenylhydrazone.
Materials tested for factor activity. A survey of natural sources revealed that soy peptone, beef (Spector, 1956) . Less glucose and phosphate.
f Roberts and Snell (1946) . hThe following amino acids were added singly at 1-, 0.1-, and 0.01-mg levels: glutamic acid, DL-tryptophan, DL-phenylalanine, L-tryosine, Lcystine, DL-isoleucine, L-leucine, DL-histidine, DLnorleucine, L-aspartic acid, glycine, L-proline, hydroxyproline, L-lysine HCl, DL-alanine, DLvaline, DL-serine, DL-threonine, DL-methionine, and norleucine.
i The following purines and pyrimidines were added singly at 1-, 0.1-, and 0.01-mg levels: adenine, adenosine, uridine, guanine, guanosine, 2,6-diaminopurine sulfate, cytosine, thymine, dihydrothymine, trihydropyrimidine, 6-carboxy-2,4-dihydropyrimidine, 2,4-dihydroxypyrimidine, dihydroxypurine, hypoxanthine, and uric acid.
i The following peptides were added singly at 3.3-, 0.3-, and 0.03-mg levels: L-leucyl-L-tyrosine, glycyl-DL-leucine, DL-alanyl-DL-methionine, glypeptone, and Brain Heart Infusion would substitute for yeast extract, and that a number of other materials provided partial stimulation (Table 2 ). Of various compounds that were tested for factor activity (vitamins, purines, pyrimidines, carbohydrates, amino acids, peptides, and intermediates as listed in Table 3 ), all were found inactive. Neither a defined medium which provided a combination of vitamins, purines, pyrimidines, amino acids, and salts (Spector, 1956) nor an enzymatic digest of casein (Roberts and Snell, 1946) stimulated the reaction significantly.
When exchange systems containing supplements for lipoic dehydrogenase (Gunsalus, Dolin, and Struglia, 1952) were incubated in a nitrogen atmosphere, the addition of 0.02 M glutathione, 2,3-dimercaptopropanol, ferrous sulfate, ferrous ammonium sulfate, or sodium sulfide did not replace yeast extract or provide significant stimulation of the reaction. Only 2,3-dimercaptopropanol was inhibitory when yeast extract was added to these mixtures.
Reaction conditions. The response to yeast extract was linear in a range between 10 and 30 mg of yeast extract per ml of reaction mixture (Fig. 1 Final pH of the growth medium (between 6.0 and 9.0) had no effect upon exchange velocity. Since carbohydrate was not added to the medium, the change in pH during growth was slight. The optimal pH for exchange was 7.0 to 7.2, and the rate was nearly zero at 6.5 and 7.9. With extracts of E. coli, Novelli (1955) found that pH 7.5 to 8.0 was optimal for the exchange. For S. faecalis, the optimal pH may have been influenced by other pH requirements than the exchange reaction.
Tris ( ( Fig. 4) , but phosphate and maleate were not. Increased amounts of potassium phosphate stimulated the reaction slightly, but no effect was observed with sodium phosphate. Strecker (1951) reported that maleate or collidine inhibited the reaction in cell extracts of E. coli, and McCormick et al. (1959) VOL. 87, 1964 extraction by butanol, benzene, ethyl acetate, or chloroform did not remove the factor from the (aqueous) layer. The factor(s) migrated on paper with phenol-water, methanol-water, or butanolpyridine-NH40H solvent systems. However, the large quantities of extract needed for assay and loss of factor activity made paper chromatography impractical as the first step in purification.
The factor(s) was adsorbed on Dowex-1 (OH-) and Amberlite IR-120 (H+) resins and was eluted from IR-120 (H+) with ammonium hydroxide (Table 5 ). The major portion of the activity was observed at the eluant front. The factor(s) did not adsorb on IR-4B (OH-) and, therefore, appeared to be amphoteric and to have weak anionic properties. Of the activity present in fraction 20 from IR-120 (H+), 90% was adsorbed when three parts of Darco were added to one part of eluate solids (w/w). Elution of the factor(s) could be accomplished by batch treatment with equivalent volumes of hot 95% ethanol, concentrated ammonium hydroxide, and water.
DISCUSSION
The evidence presented in this paper establishes that intact cells of S. faecalis require a factor(s) from plant or animal sources for the exchange of C14 of formate with the carboxyl carbon of pyruvate. Vitamins, cofactors, purines, pyrimidines, amino acids, and peptides that were tested singly or in combination did not replace the factor(s) in yeast extract, and provide evidence for a nutritional requirement not previously described.
Cells grown on a medium containing pyruvate, formate, and yeast extract still require yeast extract for the formate-pyruvate exchange reaction, suggesting that a phenomenon similar to the supplement requirement for lipoate apodehydrogenase cells is involved. Gunsalus et al. (1952) found these cells to be deficient in thiamine, riboflavine, adenine, and magnesium ions in addition to lipoic acid, and that cells from a yeast extract-Tryptone medium are saturated with lipoic acid but require the same supplement as apodehydrogenase cells. However, we found that for the formate-pyruvate exchange reaction the supplement with or without reducing agents is not stimulatory.
Since cell extracts can exchange formate without an additional factor other than a required O-R potential (Oster and Wood, 1964) , these data are interpreted to indicate that the factor functions in the accumulation or transport of substrates. The possibility is being investigated that the factor(s) may function in substrate accumulation in a manner observed by Gale (1951) in which free amino acids are necessary for high levels of glutamic acid incorporation in Staphylococcus aureus.
